To evaluate the plasma leptin levels $ 24 h post-exercise in control and type 2 diabetic subjects and to establish if observed changes in leptin concentrations were acute or chronic effects of a resistance training program. METHODS: Thirty men and women (17 controls and 13 type 2, obese diabetics, age 40 -55 y) had resting blood samples drawn at 08:00 h (12 h postprandial) at the beginning of the study (pre-training), 24 h after a three repetition maximal weight lifting bout (acute) and 72 h after their last training bout of 6 weeks of resistance training (chronic). The two groups were not matched with respect to body mass index and the control subjects were not normal weight. Subjects weight-trained three times a week, for 6 weeks, for 1 h, training both the upper and lower body. RESULTS: Serum leptin concentrations were significantly higher in the type 2 diabetics than in the control group at pre-training (41.4 AE 8.9 vs 11.4 AE 3.0 ng=ml, P < 0.05, respectively). Compared to pre-training, the leptin levels decreased significantly (P < 0.01) after acute exercise in the diabetics but not in the control subjects (diabetics 30.9 AE 7.1 vs controls 10.6 AE 2.6 ng=ml). Approximately 72 h after 6 weeks of exercise training, the leptin concentrations were no longer lower than the pre-training values in either group (36.9 AE 8.8 vs 11.9 AE 8.8 ng=ml, respectively, P ¼ NS). When leptin concentrations were log transformed and adjusted for fat mass there were still significant changes in leptin levels over time and between the control and diabetic group (P < 0.05). CONCLUSIONS: The type 2 diabetics showed a significant 30% reduction in resting leptin levels 24 h after a single bout of resistance exercise. This was an acute response to resistance exercise and not a chronic training effect (no difference between pre-training and chronic). The decreased resting leptin concentrations $ 24 h post-acute exercise may be due to reduced glucose availability to the adipose tissue, particularly in the diabetic subjects. There is no chronic effect of resistance exercise on leptin concentrations.
Introduction
Adipose tissue secretes leptin, a protein product of the ob gene, which is believed to act via leptin receptors on the hypothalamus and play a role in the regulation of body mass.
1,2 Although a positive relationship exists between adipose tissue mass and leptin concentrations, large variations in leptin levels can be seen among individuals with similar body composition. Earlier it was believed that leptin primarily provided information about the fat stores, but more recent reports indicate that leptin concentrations may reflect energy balance. Fasting results in a decrease in plasma leptin, 3 while overfeeding increases leptin concentrations. 1, 3, 4 A 7 day energy-restricted diet results in decreases in serum leptin levels, with a greater absolute decrease in women than in men. 5 However, reduction in fat energy percentage of the diet (37 to 10% for 7 weeks) 6 impacts leptin levels. Acute feeding has been shown to have no impact on leptin concentration, 7 while others suggest that meal composition may impact the postprandial leptin response. 8, 9 Leptin concentrations do not explain shortterm food intake regulation. 9 It is speculated that dramatic alterations in energy balance cause changes in leptin concentrations 10 and such changes in the energy flux can be induced by altering energy expenditure with exercise.
Acute exercise has been shown to have minor or no effects on leptin concentrations, except when a very long duration of work is performed. 11 -17 Decreases in plasma leptin concentrations with aerobic exercise training can occur, but this is dependent upon a decrease in percentage body fat. 15 In contrast, others 18 -20 have observed decreased leptin concentrations post-exercise; however, the response is not acute and does not appear immediately following the exercise bout. The decreases in serum leptin have been observed approximately 24 19 or 48 h 18 later. Only one study has found a 30% decrease in leptin following 2 h of running and 2 h of rest. 20 Subsequent research has considered not only the effects of the exercise stress on serum leptin, but the combined effect of energy availability. 21 These authors concluded that diurnal variation in leptin levels were dependent upon energy and carbohydrate availability, not the exercise per se.
21
Type 2 diabetes is a serious chronic disease often associated with obesity. Resting leptin levels are higher in type 2 diabetics, most likely because of increased fat mass, 22 but type 2 diabetics may have impaired glucose transport to the adipocytes, 23 which may result in inappropriate release of leptin from the adipose tissue. This impairment could possibly create an adipocyte milieu of decreased energy and=or carbohydrate availability. Thus, the leptin response to exercise in type 2 diabetics may vary from that seen in healthy individuals. Since the leptin responses to exercise have only been reported once in this important and growing population, 24 the purpose of our study was to determine the plasma leptin levels $ 24 h post-exercise in control vs diabetic subjects. To establish if changes in leptin concentrations were an acute or chronic effect, these subjects were studied $ 24 h after an acute exercise bout and 72 h after exercise following a 6 week resistance training program. We hypothesized that leptin levels would be decreased after an acute exercise bout in both controls and type 2 diabetic subjects, and the type 2 diabetics would be suppressed more than the control subjects. Further with chronic training, leptin levels would be lower than the pre-training values. Aerobic exercise is most commonly employed to establish if exercise induces changes in leptin levels, and is usually prescribed to type 2 diabetics. Resistance exercise not only can impact glucose and insulin concentrations in healthy individuals and type 2 diabetics, 25 -28 but it can result in glycogen depletion and=or a negative energy balance. This is the first study to our knowledge to utilize intense resistance exercise.
Methods

Subjects
Thirty subjects were recruited for this study, 17 control subjects (nine males and eight females) and 13 type 2 diabetic individuals (six males and seven females). Subjects ranged in age from 40 to 55 y ( Table 1 ). The control subjects had a mean body mass index of 28.5 AE 1.1 kg=m 2 and the diabetic subjects were 35.4 AE 1.6 kg=m 2 (P < 0.05). All subjects signed informed consent in accordance with the Institutional Review Boards of both Syracuse University and SUNY Upstate Medical University. The diabetic subjects were taking a stable dose of oral glycemic control medications (glucophage, n ¼ 7, glyburide, n ¼ 4, glynase, n ¼ 2) and could be on ace-inhibitors. The doses of medications taken did not change for the duration of the study. Individuals taking insulin or with symptomatic coronary artery disease, peripheral vascular disease, uncontrolled hypertension or any other metabolic disease were excluded from the study. Neither the control or diabetic subjects had participated in regular exercise for the preceding 6 months, and all subjects had stable body weight. All subjects were non-smokers. Measurements on the premenopausal women were taken during the follicular phase of the menstrual cycle.
Experimental design
All blood samples for leptin levels were taken at 08:00 h, following a 12 h overnight fast. Resting samples were taken pre-training, and 24 h after an acute bout of resistance training (acute). This exercise bout preceded the 6 weeks of training. Finally resting samples were taken 72 h after a 6 week training program (chronic). Samples were drawn 72 h after the last training bout to ensure that the acute effect of the last bout of exercise training did not impact the leptin concentrations. Subjects also had glucose and insulin concentrations measured as part of an oral glucose tolerance test on each of these occasions as part of a larger study (unpublished data).
Body composition
On the first and last testing day, subject height and weight were measured. Sagittal diameter and waist measurements were taken at the umbilicus. Body composition was measured utilizing a Quantum Bioelectrical Impedance Analysis Machine (BIA101Q) by RJL Systems. All subjects were measured between 08:00 and 09:00 h and were in a hydrated Leptin responses to resistance exercise JA Kanaley et al state, such that fluids were not restricted and no caffeine had been consumed in the previous 24 h. The premenopausal women were studied in the same phase of their menstrual cycle pre-and post-training.
Diet
Subjects were asked to consume the same diet prior to each testing period. They were asked to record their diet the day prior to the blood sampling day. After the first sampling day, subjects were reminded what to eat on the days prior to the following sampling days. To ensure compliance, all subjects kept a dietary record on the day prior to the sampling day.
Resistance exercise training Acute exercise. Following 3 days of familiarization sessions on resistance training technique, a three repetition maximum (3RM) test was given on nine muscle groups. The muscle groups tested were as follows: leg extension, lat pull down, leg curl, chest press, leg press, shoulder press, biceps curl, triceps press down and abdominal crunches.
Chronic exercise. All subjects performed 6 weeks of progressive, resistance training. Subjects trained at 80% of 3RM, three times per week. All training sessions were supervised and conducted on alternate days. For each muscle group, the subject was required to complete three sets of 8 -12 repetitions to failure. Three sets of 15 abdominal crunches were also prescribed. Once subjects were able to complete the 12 repetitions the weight was increased by 2.3 kg. At the completion of the training the subjects repeated a 3RM.
Plasma assays. Blood was placed on ice after collection, and the plasma was immediately separated from the whole blood by centrifugation while refrigerated at 4 C. Samples were aliquotted and stored at 770 C. Plasma leptin was measured using a human leptin enzyme-linked immunosorbent assay (ELISA) method by Diagnostic Systems Lab, Houston, TX. The interassay and intraassay coefficients of variation were 3.5 and 3.2%, respectively. The sensitivity of this assay is 0.05 ng=ml. All samples for each subject were run in duplicate and in a single assay run.
The plasma samples from the oral glucose tolerance tests were also measured for glucose and insulin concentrations. Glucose levels were measured by the glucose oxidase method (Sigma Diagnostics, St Louis, MO) and insulin levels were determined using a radioimmunoasay kit from Diagnostic Products Corporation, San Juan Capistrano, CA. The inter and intra-assay coefficient of variation were 5.6 and 4.1% for insulin and 5.2 and 3.9% for glucose, respectively.
Statistical analysis
The statistical analysis was run using the Statistical Package for the Social Sciences (SPSS, version 8.0). All data are expressed as mean AE s.e. An analysis of variance (ANOVA) with repeated measures was used to evaluate the leptin differences; group (control vs diabetic) by gender (male vs female) by time (pre-training vs acute vs chronic). Because leptin values are influenced by fat mass and the relationship between increases in leptin concentrations and the increases in fat mass is not linear, we log transformed our leptin values prior to adjusting for fat mass. Pearson correlations and partial correlations (adjusted for fat mass) were used to establish the relationship between leptin concentration and body composition and insulin variables.
Results
The subjects were similar in age and height. Overall the diabetics had a higher BMI (P < 0.01) and a greater weight (P < 0.01) than the controls (Table 1) . By gender, the diabetic females were significantly heavier and had a greater percentage fat than the control women (P < 0.01), but the diabetic and control men were not statistically different in weight, body mass index (BMI), fat mass and percentage fat. No significant change in fat mass or body weight were observed with the training program (fat mass -control pre-, 22.8 AE 2.5, post, 22.7 AE 2.6 kg; diabetic pre-, 31.0 AE 4.6, post, 30.0 AE 4.0 kg; body weight -control pre-, 81.8 AE 4.2, post, 80.5 AE 3.5 kg; diabetic pre-, 100.6 AE 4.7, post, 99.7 AE 3.8 kg, P ¼ NS). The subjects attended 96% of the training sessions and following 6 weeks of resistance training; significant increases (P < 0.05) in strength were observed on all exercises.
The ANOVA with repeated measures revealed that leptin concentrations changed significantly with time (P < 0.01). Leptin concentrations were significantly higher in type 2 diabetics than in the controls at all time points (P < 0.05), and the diabetic women had significantly higher leptin concentrations than the diabetic men (P < 0.05, Figure 1) . A significant time-by-group interaction (P < 0.05) was found, indicating that following an acute bout of exercise the leptin concentrations were lower (P < 0.05) in the diabetic subjects but not in the control subjects. Further, following 6 weeks of training, leptin values returned toward the pre-training values in the diabetic group (P ¼ NS).
When adjusted for fat mass and log transforming the leptin values, the change in leptin concentrations across time was still significant (P < 0.05). Further, between subjects, the group Â time interaction (P < 0.005) also remained significant, but there were no differences between genders.
The diabetic subjects had significantly higher glucose values at each time point than the controls and there was no significant change in glucose concentration over time (diabetics: pre-10.1 AE 1.8, acute, 8.8 AE 1.5, chronic, 9.3 AE 1.6; controls -pre-, 5.4 AE 0.7, 5.1 AE 0.73 chronic, 5.6 AE 0.62 mmol, P < 0.05). Insulin concentrations were significantly higher in the diabetics subjects than in the control subjects pre-training and after each of the exercise bouts (diabetics -pre-163. 5 and waist measurement and sagittal diameter (adjusted for fat mass; r ¼ 0.69 and r ¼ 0.90, respectively) were significantly correlated (P < 0.01) with pretraining leptin concentrations. Log leptin concentrations adjusted for fat mass are also highly correlated with the waist and sagittal diameter (r ¼ 0.75 and r ¼ 0.84, respectively, P < 0.01).
Discussion
Previous studies have reported conflicting findings regarding the leptin response to exercise. Acute, aerobic exercise has been reported to have no impact 11 -13,15 -17 or to decrease 14 plasma leptin levels in these studies. After 20 weeks of training a decrease in leptin levels was observed in men, but only if decreases in body fat occurred. 15 Recent work has suggested that leptin levels may not only indicate the quantity of adipose tissue but may reflect disturbances in energy balance, disturbances which may not manifest themselves for a number of hours after exercise. 21 In the present study, we observed a significant decrease in leptin concentrations $ 24 h after a resistance exercise bout in the diabetic subjects, and only a slight decrease in control men. Further this decrease was an acute response because 6 weeks of resistance training resulted in only slight changes in the leptin concentrations compared to pre-training values when resting samples were taken $ 72 h post-exercise. Thus the leptin response was a transient response to the exercise bout and not a chronic training response.
Twenty-four hours post-exercise, we observed a $ 30% decrease in leptin concentrations in the diabetic subjects, and a 7% decrease in the control subjects. The decrease observed in the diabetic subjects is similar to that observed in moderately trained subjects reported by Essig et al, 18 and is similar to a decrease observed with weight loss with a diet and exercise program. 24 In addition, Van Aggel-Leijssen and colleagues 19 observed that an exercise bout causing a 28% increase in 24 h energy expenditure, while maintaining energy balance, significantly decreased peak and average 24 h plasma leptin levels by 20% compared to pre-exercise values. They also noted that this effect could only be detected after 24 h, but not immediately after the exercise bout. It was suggested that the delay in leptin response was due to the time needed for changes in ob gene expression in adipose tissue. 19, 29 This could potentially explain why many earlier studies did not observe a change in leptin levels immediately post-exercise. 11 -13,15 -17 Recently, others 11, 21 have noted no change in leptin concentrations with exercise. Hilton and Loucks 21 stated that exercise stress per se does not have a suppressive effect on either the 24 h mean or Figure 1 Resting leptin concentrations pre-training, and after acute ( $ 24 h post-exercise) and chronic exercise ( $ 72 h post-exercise) in diabetic and control subjects. *P < 0.01 controls vs diabetics; @ P < 0.05 diabetic men vs diabetic women; { P < 0.05 time-by-group interaction, where leptin levels are significantly lower following acute exercise compared to the pre-training values.
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In addition to a negative energy balance, it is possible that the decreased leptin concentrations in the present study were due to reduced glucose availability in the post-exercise period. 21 Intense aerobic 30 and anaerobic exercise 31 has been shown to significantly decrease muscle glycogen. Our resistance training protocol involved whole body lifting at 80% of 3RM and most likely decreased glycogen stores. It is speculated that this would result in an increase in glucose uptake into the muscles during the post-exercise period, thus potentially limiting glucose availability to the adipose tissue. Using rats, Meuller et al 29 hypothesized that glucose is an important regulator of leptin expression and secretion. In cultured adipocytes, blockade of glucose transport or inhibition of glycolysis inhibited leptin secretion and gene expression. 29 The amount of glucose taken up by adipocytes is proportional to the secretion of leptin in cultured cells. 29 Further, in fasted humans, the infusion of small quantities of glucose prevents the decline of glycemia and prevented the decrease in leptin levels. 32 Dubec et al 5 also provided data that is consistent with the hypothesis that the decreases in leptin levels with energy restriction are regulated by alterations in glucose and lipid metabolism in the adipocyte. It is possible that in the diabetic subjects in response to the high intensity resistance exercise bout there is suppressed glucose availability to the adipose tissue or impaired glucose uptake by adipocytes. Insulin resistance in human adipocytes has been demonstrated to be due to depletion of GLUT 4 glucose transporters and a reduction in GLUT 4 mRNA. 23 Impaired glucose uptake by adipocytes in type 2 diabetes, could possibly account for the four-fold greater reduction in plasma leptin following exercise in the diabetics than in the control subjects.
In earlier studies, 32, 33 changes in insulin concentrations were associated with changes in leptin concentrations. One study 18 has reported that the absolute decrease in insulin concentrations during exercise are moderately correlated with the absolute change in leptin concentrations. In rat adipocytes, addition of physiological concentrations of insulin stimulates leptin secretion, but this was not an acute effect. 29 Segal 34 found that acute changes in insulin levels did not play a regulatory role in leptin production. Segal speculated that insulin does not regulate leptin production acutely, but that possibly chronically elevated plasma insulin concentrations stimulate ob gene expression. Our diabetic subjects had resting insulin levels two fold higher than the controls, possibly explaining the higher pre-training leptin levels in the diabetic subjects even when concentrations were adjusted for fat mass. In the present study, however, no relationship was found between the changes in fasting leptin concentration and the changes in glucose or insulin concentrations with the exercise bouts.
It has been speculated that fluctuation in free fatty acid (FFA) levels either during fasting or exercise may provide a signal to the adipocyte to alter leptin release. 35 Recently Duclos et al 20 observed a mean decrease in leptin levels of 30% after 2 h of moderate intensity exercise and 2 h rest. They found a significant, negative correlation between FFA and glycerol levels and leptin levels, and suggested a possible role of lipolysis on leptin secretion. Although we did not measure FFA levels, this does not seem a likely mechanism for the attenuated leptin concentrations that we observed approximately 24 h after exercise. An intense bout of resistance training would have a large impact on glycogen levels and would probably only have a slight impact on FFA levels. 36 In our study any changes in FFA concentrations would have been transient and most likely would not manifest changes almost 24 h later. This is supported by in vivo research which has found no relationship between leptin and FFA in response to fasting. 3, 14 Although subjects in the present study were all 12 h postabsorptive, diet was not tightly regulated between the exercise bouts and the time of blood sampling. In addition diet was not regulated during the training program. This could potentially have resulted in differences in the leptin response between groups; however, it seems unlikely that all the diabetic subjects modified their diet substantially to account for the 30% difference between test days. Further we did not sample leptin concentrations 48 and 72 h after acute exercise, so we are unable to establish how long this effect lasts. We know that 72 h following our 6 weeks of training no decrease in mean plasma leptin levels was observed but we are unable to conclusively state that a chronic acute effect of lower leptin levels occurs with 6 weeks of resistance training.
The diabetic subjects had strikingly higher leptin levels at all times measured than the control subjects. This was maintained even when adjusted for fat mass. In agreement, others 37 have noted that for any given level of obesity leptin levels are higher in women than in men and this is consistent with the state of insulin resistance. In the present study, gender differences to the exercise stimulus were observed, with the leptin concentrations decreasing by a greater absolute level in women (13 ng=ml) than in men (8 ng=ml) from the pre-training day to the acute day. Similarly, Dubec et al 5 noted gender differences in the response of leptin, insulin and glucose in response to dietary energy restriction. They speculated that leptin is also a peripheral signal of energy expenditure to the central nervous system and the relative contribution of each of these signals may differ between men and women. In the women the decrease in adipose tissue leptin production may predominate. 5 Leptin is believed to suppress insulin secretion by autonomic output originating in the hypothalamus, and the breakdown of the central leptin signal may contribute to hyperinsulinemia. 38 Kieffer and Habener 38 propose that with increasing adiposity and prolonged elevated plasma leptin concentrations, the leptin signaling in the pancreatic b-cells becomes less responsive. The dysregulation of the adipoinsular axis may vary somewhat between genders.
Diet and exercise are usually recommended for type 2 diabetic subjects. Traditionally aerobic exercise has been recommended for this population; however, there is evidence to suggest that resistance exercise is as effective in modifying glucose and insulin levels. 25 -28 The negative energy balance that is created by diet and=or intense exercise may be sufficient to cause attenuation in the leptin concentrations. This change in leptin concentrations could have a profound impact on an obese population and particularly in type 2 diabetics. Further research needs to explore the combined effects of diet and exercise in type 2 diabetics and the resulting changes in leptin levels.
In summary, consistent with previous reports we observed higher leptin levels in women than men and in diabetics than in controls. Resistance exercise suppressed leptin levels measured $ 24 h post-exercise in the diabetic subjects only. Reduced glucose availability to the adipose tissue during this period may have suppressed the leptin levels, particularly in the diabetic subjects. Further, without a significant fat loss no sustained changes in leptin levels occurred in either the control or diabetic subjects after chronic exercise.
